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HIGHLIGHTS 


►  Carbon  black  (CB)  was  intercalated  between  graphene  single  nanosheets  (GNSs). 

►  Pt/GNS  shows  the  higher  ECSA  compared  to  Pt/CB  and  Pt/Vulcan  XC-72  CB. 

►  Electrochemical  active  surface  area  depends  on  intercalating  compound  contents. 

►  Pt/GNS/CB  with  30%  of  CB  shows  the  highest  ECSA  of  38.8  m2  g  1  with  400  mA  cm"2. 
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Graphene  single  nanosheet  (GNS)  is  synthesized  from  graphite  by  chemical  oxidation  and  thermal 
exfoliation  at  1000  °C  and  confirmed  by  X-ray  diffraction  analysis.  Scanning  electron  and  transmission 
electron  microscope  images  clearly  show  the  lateral  expansion  of  graphite  sheet  and  uniform  dispersion 
of  Pt  nanoparticles  on  GNS.  Fourier  transform  infrared  and  X-ray  photoelectron  spectroscopy  analyses  are 
conducted  for  surface  properties  of  GNS  such  as  oxygenated  functional  groups.  Cyclic  voltammetric 
analysis  shows  that  electrochemical  active  surface  areas  (ECSAs)  for  Pt/GNS,  commercial  Pt/Vulcan  XC-72 
carbon  black  and  Pt-incorporated  onto  commercial  carbon  black  (Pt/CB)  prepared  in  the  laboratory  are 
33.1  m2  g  ',  23.5  m2  g  1  and  22.5  m2  g  \  respectively.  Because  of  significant  restacking  of  Pt/GNS  sheets, 
carbon  black  (CB)  with  different  content  is  intercalated  between  Pt/GNS  as  a  spacer.  The  ECSAs  of  Pt/GNS, 
Pt/GNS/CB20,  Pt/GNS/CB30  and  Pt/GNS/CB40  are  evaluated  to  be  31.5  m2  g  ’,  28.6  m2  g  \  38.8  m2  g  1 
and  30.4  m2  g~\  respectively.  The  cell  performance  highly  depends  on  CB  content  and  Pt/GNS/CB  with 
30  wt.%  of  CB  content  shows  the  best  cell  performance  of  400  mA  cm~2. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Future  energy  concerns  demand  a  transition  from  fossil  fuels  to 
energy  resources  which  is  more  environmental  friendly  and 
durable.  As  an  alternative  energy  source,  polymer  electrolyte 
membrane  fuel  cells  (PEMFCs)  have  attracted  a  great  attention  as 
environmental  energy  technology  for  transportation  vehicles, 
small-scale  portable  electronic  and  stationary  power  supplies  [1], 
Despite  considerable  progress  in  PEMFC,  catalytic  stability  and 
durability  still  need  to  be  improved  [2],  In  particular,  carbon- 
supported  electrocatalysts  are  important  factor  to  upgrade  the 
performance  of  PEMFCs  [3,4],  Currently,  carbon  black  (CB)  is  most 
widely  used  for  support  material,  although  it  shows  serious 
intrinsic  corrosion  under  abnormal  operating  conditions.  As  one  of 
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alternative  carbon  supports,  carbon  nanotubes  (CNTs)  have 
received  a  huge  amount  of  attention  as  an  alternative  carbon 
support  material  due  to  unique  structural  and  electrical  properties 
[5,6],  Another  interesting  alternative,  carbon  molecular  sieve 
(CMS),  has  received  attention  due  to  prominent  characteristics, 
such  as  high  surface  area,  relatively  uniform  pore  size  and  ordered 
pore  structure  [7],  Many  researchers,  however,  have  started  to  shift 
their  research  target  toward  graphene  in  the  last  few  years  after  the 
existence  of  2-dimensional  graphene  was  reported  [8—10],  Chen 
et  al.  [11]  reported  a  great  electrochemical  performance  of  gra¬ 
phene  single  nanosheet  (GNS)  compared  with  graphene  oxide 
(GO).  Li  et  al.  [12]  reported  that  the  performance  of  Pt/GNS  for 
methanol  oxidation  has  been  proven  to  be  superior  to  that  of  Pt 
supported  on  Vulcan  XC-72  carbon  black.  The  investigation  of 
Pt/GNS  about  cell  performance  has  been,  however,  limited  up  to 
now.  In  spite  of  excellent  electrical  conductivity  of  graphene, 
restacking  of  individual  GNS  has  been  a  barrier  as  an  effective 
carbon  support  because  restacking  would  decrease  the  utilization 
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of  Pt  active  sites,  making  one  side  of  Pt/GNS  unavailable.  In  order  to 
overcome  this  problem,  Nafion  ionomer  can  be  added  more  but  too 
much  addition  of  it  would  make  the  electrode  thickness,  leading  to 
the  increase  in  mass  transfer  resistance  and  the  decrease  in  elec¬ 
trical  conductivity.  Another  way  to  overcome  this  problem  is  to 
intercalate  CB  between  GNSs.  The  advantages  of  intercalation  of  CB 
are  to  prevent  GNSs  from  restacking  improving  the  accessibility  of 
fuels  to  Pt  active  sites  as  well  as  mass  transfer. 

In  this  study,  GNSs  and  Pt/GNS  are  synthesized  through  simple 
chemical  oxidation  of  graphite  followed  by  thermal  exfoliation  and 
the  electrochemical  and  physical  properties  such  as  electro¬ 
chemical  active  surface  areas  (ECSAs)  and  CO  tolerance  through 
methanol  oxidation  are  also  evaluated  and  compared  with  those  of 
commercial  Pt/Vulcan  XC-72  CB  and  Pt/CB.  Finally,  the  electro¬ 
chemical  properties  of  Pt/GNS/CB  are  evaluated  and  the  cell 
performances  of  the  membrane  electrolyte  assembly  (MEA)  fabri¬ 
cated  with  Pt/GNS  and  Pt/GNS/CB  are  also  evaluated  and  discussed. 

2.  Experimental 

2.J.  Synthesis  of  GNSs 

GNSs  were  synthesized  by  an  easy  method  involving  the  steps  of 
chemical  oxidation  of  graphite  and  reduction  by  thermal  exfolia¬ 
tion.  GO,  intermediate  between  graphite  and  GNSs  was  synthesized 
by  modified  Hummers  method  [13,14],  2  g  of  graphite  powder  was 
added  to  a  mixture  of  concentrated  50  ml  of  H2SO4,  2.5  g  of  K2S2O8, 
2.5  g  of  P2O5  (Aldrich).  It  was  then  stirred  at  80  °C  for  2  h.  Subse¬ 
quently,  the  mixture  was  cooled  to  room  temperature  for  6  h  and 
diluted  with  distilled  water  (0.5  1)  and  dried  overnight  at  room 
temperature.  The  pre-oxidized  graphite  was  then  re-oxidized.  The 
pre-treated  graphite  powder  was  added  to  35  ml  of  cold  (0  °C)  and 
concentrated  H2SO4.  Then,  6  g  of  I<Mn04  (Aldrich)  was  added 
slowly  under  stirring  and  the  temperature  of  the  mixture  was  kept 
below  20  °C  in  ice-bath.  Successively,  the  mixture  was  stirred  at 
35  °C  for  30  min,  and  then  diluted  with  100  ml  of  distilled  water. 

The  mixture  was  then  stirred  at  95  °C  for  30  min.  The  reaction 
was  terminated  by  the  addition  of  150  ml  of  distilled  water  and 
10  ml  of  30  wt.%  H2O2  solution  in  15  min,  after  which  the  color  of 
the  mixture  was  changed  to  brilliant  yellow  along  with  bubbling. 
The  mixture  was  filtered  and  washed  with  100  ml  of  10  wt.%  HC1 
aqueous  solution  to  remove  metal  ions  followed  by  500  ml  of 
distilled  water  to  remove  the  acid.  The  resulting  GO  powder  was 
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then  obtained  by  high-speed  centrifugation  and  drying  in  vacuum 
oven  at  60  °C  for  12  h.  Reduction  by  thermal  exfoliation  of  GO  as 
prepared  above  was  achieved  by  placing  GO  into  tubular  furnace  at 
1000  °C  under  Ar  flow  for  30  s  [15,16],  After  that,  GNS  was  obtained 
and  characterized. 


Fig.  1.  XRD  patterns  of  graphite,  GO  and  GNS. 


Fig.  2.  SEM  images  of  (a)  graphite,  (b)  GO  and  (c)  GNS. 
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Fig.  3.  XRD  patterns  of  (a)  Pt/GNS,  (b)  commercial  Pt/Vulcan  XC-72  CB  and  (c)  Pt/CB. 


2.2.  Preparation  of  GNS-supported  Pt  nanoparticle  catalyst 

20  mg  of  GNS  powder  was  dispersed  in  20  ml  of  distilled  water 
by  sonication  for  1  h,  forming  GNS  suspension  [  17,18].  Then  40  ml  of 
ethylene  glycol  and  1  ml  of  0.02  M  Pt  precursor  (water  solutions  of 
H2PtCl6-6H20,  Aldrich)  were  added  to  the  solution  under  stirring 
for  1  h.  Subsequently,  the  mixture  was  put  in  oil  bath  and  heated  at 
100  °C  for  24  h  under  stirring.  The  Pt/GNS  was  then  separated  from 
ethylene  glycol  solution  in  the  centrifuge  and  washed  with  deion¬ 
ized  water  five  times.  The  resulting  products  were  dried  in  vacuum 
oven  at  60  °C  for  12  h. 

2.3.  Preparation  of  Pt/GNS  intercalated  by  CB  (Pt/GNS/CB) 

In  order  to  intercalate  Pt/GNS  by  CB,  the  predetermined 
amounts  of  CB  corresponding  to  20  wt.%,  30  wt.%  and  40  wt.%  were 
added  to  24  mg  of  Pt/GNS,  followed  by  the  addition  of  85  mg  of 
5  wt.%  Nafion™  dispersion  (Dupont  Chem.  CO.).  1  ml  IPA  (99.5  wt.%, 
Samchun  Chemicals)  was  then  added  and  sonicated  for  1  h  at  50  °C. 

2.4.  Characterizations 

2.4.1.  Characterization  of  physical  properties 

Powder  X-ray  diffraction  analyses  (XRD,  Rigaku  Model  D/Max 
2200)  were  performed  using  Cu  Ka  radiation  operating  at  40  kV 


and  30  mA  and  scanning  at  a  rate  of  5°  min-1  with  an  angular 
resolution  of  0.04°  of  2d  scan  to  get  the  XRD  pattern.  Scanning 
electron  microscopy  (SEM,  JEOL  JSM-6308)  was  conducted  to 
investigate  the  morphology  of  graphite,  GO  and  GNS.  Transmission 
electron  microscopy  (TEM,  200  keV  Carl  Zeiss,  EM  912  Omega) 
was  conducted  to  identify  dispersion  and  particle  size.  Thermal 
gravimetric  analysis  (TGA,  Model  TA2050  TA  instruments)  was 
conducted  to  confirm  the  Pt  content  in  Pt/GNS.  The  Brunauer- 
Emmett-Teller  (BET)  surface  area  for  as-made  GNS  was  deter¬ 
mined  by  nitrogen  adsorption  at  77  K  from  0.01  to  0.05  in  relative 
pressure  (Micrometries,  Tristar™  II 3020).  Atomic  force  microscope 
(AFM,  Park  systems  XE-100)  was  also  conducted  to  confirm  the 
thickness  of  GNS  obtained  from  thermal  exfoliation.  The  pore 
diameter  was  determined  by  Barrett-Joyner-Halenda  (BJH) 
desorption  while  the  micropore  volume  was  calculated  from  the 
Dubinin— Radushkevich  equation.  Fourier  transform  infrared 
spectroscopy  (FT-IR)  was  used  to  confirm  the  presence  of  oxygen¬ 
ated  groups.  Finally,  X-ray  photoelectron  spectroscopy  (XPS,  VG 
Multilab  ESCA  2000)  analysis  was  performed  with  Mg  Ka  radiation 
(1253.6  eV)  to  confirm  the  oxidation  state  of  Pt  nanoparticles  and  to 
characterize  the  formation  of  surface  oxygenated  groups  on  the 
obtained  materials. 

2.4.2.  Electrochemical  measurements 

The  ink  slurry  was  prepared  by  sonicating  cathode  ink  slurry. 
The  same  amount  of  ink  slurry  was  dropped  by  micropipette  onto 
glassy  carbon  electrode  (GCE)  with  3  mm  in  diameter  and 
0.0706  cm2  in  electrode  area  which  was  polished  with  1  pm  AI2O3 
slurry  to  a  mirror  finish  before  being  used  as  the  substrate  for 
carbon-supported  catalyst.  Cyclic  voltammetric  (CV)  analysis  was 
conducted  in  a  conventional  three  electrode  electrochemical  cell 
using  a  GCE  with  3  mm  in  diameter  as  a  working  electrode,  Pt  wire 
as  a  counter  electrode  and  a  saturated  calomel  electrode  (SCE)  as 
a  reference  electrode.  Electrochemical  measurements  were  recor¬ 
ded  and  reported  vs.  normal  hydrogen  electrode  (NHE).  The  CVs 
were  measured  in  N2-purged  0.5  M  H2SO4  electrolyte  solution  at 
25  °C  using  a  potentiostat  and  galvanostat  (IM6,  Zahner).  The 
voltage  was  changed  by  a  triangular  wave  between  0.05  V  and 
1.20  V  at  a  scan  rate  of  50  mV  s-1,  and  the  CV  was  then  obtained.  In 
order  to  characterize  the  electrochemical  properties  of  fuel  cell 
electrodes,  fuel  cell  performance  tests  were  performed. 

For  the  cell  performance  test,  anode  and  cathode  were  fabri¬ 
cated  as  follows.  The  catalyst  ink  was  prepared  to  fabricate  several 
electrodes  using  Pt/GNS  and  Pt/GNS/CBs  with  different  contents  of 
CB  as  follows.  Pt/GNS  synthesized  by  polyol  method  was  first  added 
to  Nafion  dispersion  (5  wt.%,  Dupont  Chem.  Co.)  to  which  isopropyl 


Fig.  4.  AFM  image  of  GNS  for  thickness  measurement. 
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Temperature  (°C) 


Fig.  5.  TG/DTA  curves  of  (■,  □)  Pt/GNS,  and  (•,  O)  GO. 

alcohol  (IPA,  99.5  wt.%,  Samchun  Chemicals)  as  a  solvent  was 
sequentially  added.  To  ensure  the  sufficient  mixing,  the  catalyst  ink 
was  subject  to  1  h  of  sonication.  After  preparing  catalyst  ink,  it  was 
brushed  on  a  polymer  electrolyte  membrane  (Nafion  NRE-212, 
DuPont)  of  3  x  3  cm2  to  gain  Pt  loadings  of  0.2  mg  cm  2  and 
0.3  mg  cm-2  at  anode  and  cathode,  respectively.  During  the 
measurements,  the  temperature  of  the  single  cell  was  maintained 
at  80  °C,  and  fully  humidified  hydrogen/oxygen  gases  were  fed  into 
the  anode/cathode  at  80  °C. 

As  a  second  set  of  experiment,  another  type  of  catalyst  ink  was 
prepared  using  Pt/GNS/CBx  with  different  CB  contents  from  20  wt.% 
to  30  wt.%  to  40  wt.%,  following  the  same  procedures  as  described 
above:  that  is,  hereinafter  denoted  as  Pt/GNS/CB20,  Pt/GNS/CB30 
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Fig.  6.  N2  adsorption  isotherm  and  pore  size  distribution  of  as-made  GNS. 


and  Pt/GNS/CB40,  respectively.  In  all  the  cases,  Nafion  loadings 
were  maintained  at  0.25  mg  cm-2  and  0.3  mg  cm-2  for  anode  and 
cathode,  respectively. 

3.  Results  and  discussion 

The  XRD  patterns  of  GNS  obtained  from  modified  Hummers 
method  as  described  in  experimental  section  are  shown  in  Fig.  1.  It 
shows  the  progressive  phase  change  from  graphite  to  GNS.  Through 
chemical  oxidation,  a  shift  of  C  (002)  peak  at  26.5°  in  26, 


b 


Pacticle  Size  |nm| 

Fig.  8.  TEM  images  of  (a)  Pt/GNS  and  (b)  its  particle  size  distribution. 
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characteristic  of  graphite  to  12.3°  in  26  indicates  that  the  stacked 
layers  of  graphite  have  been  laterally  expanded  by  the  incorpora¬ 
tion  of  oxygenated  functional  groups  such  as  epoxy,  carboxyl  and 
hydroxyl  groups,  resulting  in  GO  [15].  Then,  the  thermal  reduction 
of  GO  led  to  GNS  through  the  exfoliation  of  laterally  expanded  GO 
layers  and  the  XRD  pattern  clearly  indicates  the  formation  of  GNS 
by  the  disappearance  of  the  peak  around  123°,  meaning  the  each 
layer  of  GO  along  c-axis  was  separated  and  carbon  sp2  structures 
were  restored  [16].  The  disappearance  of  this  peak  is  due  to  the  lack 
of  ordered  stacked  layers.  In  order  to  manifest  the  phase  change, 
the  SEM  analysis  was  conducted  and  shown  in  Fig.  2.  As  can  be 
seen  in  this  figure,  it  is  seen  that  bulky  graphite  materials  have 
been  expanded  with  apparent  layer  structure  upon  chemical 
oxidation. 

As  described  in  experimental  section,  Pt  was  incorporated 
onto  GNS  and  identified  by  XRD  if  Pt  was  successfully  incorpo¬ 
rated.  As  shown  in  Fig.  3,  apart  from  the  peak  at  24.5°  assigned  to 
GNS  [19],  the  crystal  structure  of  Pt  is  face-centered  cubic  (fee), 
which  is  confirmed  by  the  presence  of  diffraction  peaks  at  40°, 
46°,  67.5°  and  81.4°  in  26  assigned  to  Pt  (111),  Pt  (200),  Pt  (220) 
and  Pt  (311),  respectively.  The  average  size  of  Pt  particles  was 
calculated  from  the  (220)  peak  according  to  Scherrer  equation  as 
follows: 


L  _  0.94  4al 
B26  COS0B 


where  L  is  the  average  particle  size,  the  value  0.94  comes  from 
spherical  crystallite  (cubo-octahedral  shape).  Aka  is  the  X-ray 
wavelength  radiation  (1.54056  nm),  B2g  is  the  full  width  at  half 
maximum  (FWHM)  in  radians  and  6b  is  the  angular  position  at  the 
Pt  (220)  peak  [20],  Based  on  the  Scherrer  equation  with  the  FWHM 
for  Pt  (220),  the  average  Pt  particle  size  attached  to  GNS  was  esti¬ 
mated  to  be  2.5  nm,  3.47  nm  and  3.50  nm,  respectively. 

To  investigate  if  GNS  was  produced,  AFM  analysis  was  per¬ 
formed  to  measure  the  thickness  of  GNS  and  shown  in  Fig.  4.  It  is 
seen  that  the  thickness  of  GNS  is  about  0.35  nm,  consistent  with 
that  reported  by  Paredes  et  al.  [21], 

In  addition,  TGA  was  conducted  to  identify  the  Pt  content  in 
Pt/GNS.  It  was  observed  that  Pt  content  on  GNS  was  to  be  42.9  wt.%. 
As  shown  in  Fig.  5  for  GO,  the  adsorbed  water  molecule  was 
removed  by  5%  of  weight  loss  up  to  100  °C,  followed  by  about  38%  of 
weight  loss  at  200  °C  due  to  the  decomposition  of  labile  oxygenated 
functional  groups  [22],  A  weight  loss  around  at  530  °C  took  place 
due  to  almost  complete  reduction  of  GO.  Unlike  GO,  in  case  of  GNS, 
no  weight  loss  was  observed  around  at  200  °C  because  most  of 
oxygenated  functional  groups  were  already  removed  during 
reduction. 

N2  adsorption  isotherm  was  measured  to  evaluate  the  surface 
area  of  GNS  and  shown  in  Fig.  6.  A  significant  hysteresis  observed  is 
ascribed  to  irregular  wrinkled  structure  of  GNS,  and  the  BET  surface 
area  was  estimated  to  be  388  m2  g-1  which  is  fairly  enough  for 
dispersion  of  Pt  nanoparticles  onto  GNS.  It  should  be  noted, 
however,  that  the  measured  surface  area  is  much  smaller  than  the 


Fig.  9.  XPS  spectra  of  (a)  graphite,  (b)  GO,  (c)  GNS  and  (d)  Pt/GNS. 
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Table  1 

Summary  of  sp2-hybridized  C-C  and  oxygenated  functional  groups  for  graphite,  GO  and  GNS  obtained  from  XPS  analysis. 

C-C  C-OH  C-O-C  HO— C=0 

B.Ea  (eV)  relative  %  B.E  (eV)  relative  %  B.E  (eV)  relative  %  B.E  (eV)  relative  X 

Graphite  284.5  723  285.2  22J  286.8  23  288.0  Z0 

GO  284.5  41.1  285.2  6.5  286.4  46.0  288.1  6.4 

GNS  284.5  71.6  285.4  14.2  286.3  10.0  288.4  4.2 

a  B.E.  represents  binding  energy  (eV). 


Table  2 

Summary  of  oxidation  states  of  Pt  species  for  Pt/GNS  obtained  from  XPS  analysis. 


Sample  Pt  species  Binding  energy  Relative 

on  surface  of  Pt  4f7/2  (eV)  intensity  (%) 

Pt/GNS  Pt(0)  TVA  543 

Pt(II)  72.4  29.8 

Pt(IV)  72.9  15.3 


theoretical  value  because  of  restacking  of  GNS  due  to  van  der  Waals 
forces  [16], 

In  order  to  investigate  the  surface  property  change  through  the 
synthesis  of  GNS  from  graphite,  FT-IR  spectroscopy  analysis  was 
conducted  and  the  results  are  shown  in  Fig.  7.  Upon  oxidation  of 
graphite,  GO  was  functionalized  by  the  bending  vibration  of  water 
molecules  and  OH  stretching  mode  of  the  sorbed  water  molecules 
at  3400  cm-1,  carbonyl/carboxyl  at  1727  cm-1,  aromatics  at 
1625  cm-1,  carboxyl  at  1384  cm-1,  epoxy  at  1261  cm-1  and  alkoxy 
at  1085  cm1,  respectively.  It  is  clearly  seen,  however,  that  upon 
reduction  by  thermal  exfoliation,  most  of  these  functional  groups 
have  been  disappeared. 

The  TEM  images  of  the  dispersion  of  Pt/GNS  with  particle  size 
distribution  are  shown  in  Fig.  8.  It  was  observed  that  Pt  nano¬ 
particles  on  GNS  were  highly  and  uniformly  dispersed  and  average 
Pt  nanoparticle  size  was  2.9  nm. 

In  order  to  investigate  the  physical  states  of  graphitic  materials 
and  the  oxidation  state  of  Pt  for  Pt/GNS,  XPS  analysis  was  con¬ 
ducted  and  the  results  are  shown  in  Fig.  9  and  summarized  in 
Table  1.  As  seen  in  Fig.  9  (a),  (b)  and  (c),  four  different  types 
of  carbon  were  resolved:  those  are,  sp2  hybridized  C— C  at  284.4  eV, 
C-OH  at  285.3  eV,  C-O-C  at  286.4  eV  and  HO-C=0  at  288.0  eV 
[16,23],  C— C  peak  in  graphite  was  drastically  decreased  upon  the 
oxidation  shown  in  Fig.  9  (a)  while  oxygenated  C-O-C  was 
significantly  increased  shown  in  Fig.  9  (b). 

Upon  reduction  through  thermal  exfoliation,  the  oxygenated 
functional  groups  were  significantly  decreased  as  shown  in  Fig.  9 
(c).  Therefore,  it  is  said  along  with  the  XRD  data  that  GNS  has 
been  successfully  formed.  Fig.  9  (d)  represents  the  XPS  spectra  of  Pt 
4f  doublet  (4f7/2  and  4fs/2)  for  the  Pt  nanoparticles  supported  on 
GNS.  As  can  be  seen  in  this  figure,  it  shows  the  distribution  of  Pt(0), 
Pt(II),  Pt(IV).  The  4f7/2  and  4fs/2  peaks  exhibited  at  71.1  eV  and 
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Fig.  10.  CVs  of  Pt/GNS,  commercial  Pt/Vulcan  XC-72  CB,  and  Pt/CB  for  ECSAs. 


74.3  eV,  respectively,  which  were  slightly  shifted  to  lower  binding 
energy  compared  with  standard  binding  energy  of  Pt  4f7/2  and  4fs/2 
for  Pt(0)  state  (71.4  eV  and  74.5  eV)  [24]  due  to  the  electron  transfer 
from  GNS  to  Pt  nanoparticles  [25],  Because  the  work  function  of 
GNS  (4.48  eV)  is  smaller  than  that  of  Pt  (5.65  eV)  [26],  electron 
transfer  from  GNS  to  Pt  nanoparticles  should  have  occurred  during 
the  formation  of  Pt/GNS  hybrid  structure.  The  oxidation  states  of 
various  forms  of  Pt  species  for  Pt/GNS  are  summarized  in  Table  2. 

CVs  of  Pt/GNS  were  conducted  to  identify  electrochemical  active 
surface  areas  (ECSAs)  of  Pt  on  GNS.  For  comparison,  commercial 
Pt/Vulcan  XC-72  CB,  and  Pt/CB  of  which  Pt  was  incorporated  onto 
commercial  CB  in  our  lab  were  tested  for  ECSAs.  The  resulting  CV 
curves  are  shown  in  Fig.  10.  As  seen  in  this  figure,  the  peaks 
between  0.0  V  and  0.3  V  correspond  to  hydrogen  adsorption/ 
desorption  and  the  double  layer  region  between  0.3  V  and  0.8  V 
corresponding  to  the  region  free  of  adsorbed  hydrogen  represents 
the  characteristic  of  carbon  material  [27],  ECSAs  for  Pt  nano¬ 
particles  deposited  on  GNS  along  with  commercial  Pt/Vulcan  XC-72 
CB  and  Pt/CB  for  comparison  were  calculated  from  hydrogen 
adsorption/desorption  charge  after  correction  for  the  double-layer 
charging  current  from  the  CV  curves  [28]  according  to  the  following 
equation. 


ECSA(m2t/Qpt) 


Charge(QHC/m2) 

210(^/7712,}  X  PtWt.(gPt/77l2) 


(2) 


ECSAs  for  Pt/GNS,  commercial  Pt/Vulcan  XC-72  CB,  Pt/CB  were 
estimated  to  be  31.5  m2  g_1,  23.1  m2  g_1  and  22.5  m2  g_1, 
respectively. 

Finally,  the  cell  performances  of  various  MEAs  assembled  with 
various  catalysts  such  as  Pt/GNS  and  various  Pt/GNS/CBs  with 
different  CB  contents  were  evaluated  and  the  results  are  shown  in 
Fig.  11.  It  shows  that  the  cell  performance  was  significantly 
enhanced  with  the  increase  in  CB  content  in  catalyst  from  20  wt.% 
to  30  wt.%.  It  is  believed  that  the  CB  intercalated  between  GNSs 
should  have  enhanced  the  utilization  of  Pt  active  sites.  It  is 
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Fig.  11.  Cell  polarization  curves  of  Pt/GNS,  Pt/GNS/CB20,  Pt/GNS/CB30  and 
Pt/GNS/CB40. 
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Fig.  12.  CVs  of  PI/GNS/CB20,  Pt/GNS/CB30  and  Pt/GNS/CB40  for  ECSAs. 


confirmed  by  the  enhancement  in  power  generation  over  entire 
current  density:  that  is,  enhanced  activation  at  low  current  density 
and  better  mass  transfer  at  high  current  density.  Beyond  30  wt.%  of 
CB  content,  however,  the  cell  performance  was  rather  decreased.  It 
is  ascribed  to  the  fact  that  the  excess  of  CB  should  have  blocked  Pt 
active  sites,  increasing  mass  transfer  resistance. 

In  order  to  investigate  the  ECSAs  of  various  Pt/GNS/CBx,  CV 
curves  were  measured  and  shown  in  Fig.  12,  respectively.  Based  on 
H2  desorption  peak,  the  ECSAs  of  Pt/GNS,  Pt/GNS/CB20,  Pt/GNS/ 
CB30  and  Pt/GNS/CB40  were  evaluated  to  be  31.5  m2  g~\ 
28.6  m2  g-1, 38.8  m2  g-1  and  30.4  m2  g-1,  respectively.  It  is  believed 
that  there  should  be  optimal  CB  content:  that  is,  low  CB  content 
intercalated  between  GNSs  is  not  enough  to  act  as  good  spacer 
while  too  high  CB  content  would  block  Pt  active  sites,  decreasing 
the  Pt  utilization. 

4.  Conclusions 

Through  this  study,  GNS  is  successfully  synthesized  through 
chemical  oxidation  followed  by  thermal  exfoliation  at  1000  °C  from 
graphite.  The  XRD  pattern  clearly  shows  the  complete  disappear¬ 
ance  of  C  (200),  indicating  the  formation  of  GNS  which  is  also 
confirmed  by  AFM  image  where  the  thickness  of  GNS  prepared  in 
this  study  is  0.35  nm.  It  is  also  confirmed  by  FT-IR  where  a  signifi¬ 
cant  amount  of  oxygenated  functional  groups  has  been  eliminated 
from  GNS.  Pt  particle  size  attached  to  GNS  is  estimated  to  be  2.5  nm 
which  is  fairly  consistent  with  that  estimated  from  TEM.  TEM  image 
also  clearly  shows  excellent  dispersion  of  Pt  nanoparticle  onto  GNS. 
XPS  analysis  also  shows  that  upon  thermal  exfoliation,  the  amount 
of  oxygenated  functional  groups  has  been  drastically  decreased. 
In  addition,  the  ECSAs  measured  by  the  CV  are  in  the  order  of 
Pt/GNS  >  commercial  Pt/Vulcan  XC-72  CB  >  Pt/CB. 

The  cell  test  using  Pt/GNS  and  various  Pt/GNS/CBx  suggests 
that  restacking  problem  is  very  critical  as  Pt/GNS  is  adopted  in 
PEMFC.  The  cell  test  clearly  indicates  that  the  incorporation  of  CB 
into  Pt/GNS  would  drastically  enhance  the  cell  performance  in 
PEMFC  due  to  the  enhancement  in  mass  transfer  of  fuel  to  Pt 
active  sites,  increasing  the  Pt  utilization.  It  also  suggests  that  the 
CB  content  is  critical  regarding  the  utilization  of  Pt  active  sites 
because  too  much  intercalation  of  CB  between  GNSs  would  rather 


block  the  Pt  active  sites  where  ECSA  of  Pt/GNS/CB30  shows  the 
maximum.  In  case  of  the  MEA  assembled  with  Pt/GNS  catalyst 
which  shows  the  highest  ECSAs,  the  cell  performance  is  highly 
poor  compared  to  other  MEAs  with  Pt/GNS/CBx  because  the 
restacking  becomes  severe  during  hot  pressing  for  assembling  of 
MEA,  leading  to  significant  mass  transfer  resistance  and  thus 
reducing  Pt  utilization. 
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